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Abstract
One predicted consequence of global warming is an increased frequency of extreme weather
events, such as heat waves, droughts, or heavy rainfalls. In parts of the Arctic, extreme warm
spells and heavy rain-on-snow (ROS) events in winter are already more frequent. How these
weather events impact snow-pack and permafrost characteristics is rarely documented
empirically, and the implications for wildlife and society are hence far from understood. Here we
characterize and document the effects of an extreme warm spell and ROS event that occurred in
High Arctic Svalbard in January–February 2012, during the polar night. In this normally cold
semi-desert environment, we recorded above-zero temperatures (up to 7 °C) across the entire
archipelago and record-breaking precipitation, with up to 98 mm rainfall in one day (return
period of >500 years prior to this event) and 272 mm over the two-week long warm spell. These
precipitation amounts are equivalent to 25 and 70% respectively of the mean annual total
precipitation. The extreme event caused signiﬁcant increase in permafrost temperatures down to
at least 5 m depth, induced slush avalanches with resultant damage to infrastructure, and left a
signiﬁcant ground-ice cover (∼5–20 cm thick basal ice). The ground-ice not only affected
inhabitants by closing roads and airports as well as reducing mobility and thereby tourism
income, but it also led to high starvation-induced mortality in all monitored populations of the
wild reindeer by blocking access to the winter food source. Based on empirical-statistical
downscaling of global climate models run under the moderate RCP4.5 emission scenario, we
predict strong future warming with average mid-winter temperatures even approaching 0 °C,
suggesting increased frequency of ROS. This will have far-reaching implications for Arctic
ecosystems and societies through the changes in snow-pack and permafrost properties.
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1. Introduction
Understanding and predicting the effects of extreme weather
events, such as heat waves, drought or heavy rainfall represent
one of the major challenges in current climate research (Stocker
et al 2013, Field et al 2014). The frequency of warm spells and
heavy rain-on-snow (ROS) events in the Arctic is increasing
and is expected to increase further during the 21st century
(Rennert et al 2009). An emerging body of evidence indicates
that such extreme winter weather may have far-reaching geo-
physical implications (Putkonen et al 2009). First, changes in
snow-pack properties following heavy ROS events can lead to
severe avalanches (Conway and Raymond 1993, Stimberis and
Rubin 2011) and formation of thick ice layers within the snow-
pack or at the ground surface (Putkonen and Roe 2003, Hansen
et al 2011). Second, heat transfer to the ground during ROS
and warm spells (Putkonen and Roe 2003) can alter deep-layer
permafrost characteristics (Isaksen et al 2007a, Westermann
et al 2011). These sudden changes in the tundra winter
environment can in turn be expected to inﬂuence human
infrastructure, e.g. through snow and slush avalanches and
debris ﬂow (Stimberis and Rubin 2011), and vegetation and
wildlife through the formation of ice-layers in the snow-pack or
basal ice on the ground (hereafter ‘ground-ice’; Forchhammer
and Boertmann 1993, Coulson et al 2000, Kohler and
Aanes 2004, Bjerke 2011, Hansen et al 2011, 2013, Stien
et al 2012). In particular, high-latitude tundra ecosystems seem
vulnerable to heavy ROS events because the food resources of
the overwintering herbivores can be completely covered by ice
(‘locked pastures’), causing starvation and population crashes
across species, which in turn cascade to other trophic levels in
the ecosystem (Hansen et al 2013). Here we (1) characterize a
record-breaking warm spell and associated heavy ROS events
occurring in High Arctic Svalbard during the polar night; (2)
examine its effects on permafrost temperatures and snow-pack
(through ground-ice formation); and (3) document the impact
on wildlife and society of a weather phenomenon currently
considered as ‘extreme’ but likely to become increasingly
common across the Arctic.
2. An extreme rain-on-snow event in High Arctic
Svalbard
The archipelago of Svalbard (74–81°N, 10–35°E; ﬁgure 1(a))
is characterized by continuous permafrost (Liestøl 1976) and
large inter-annual variability in air temperatures. At the
Svalbard Airport meteorological station (78°13′N and 15°38′
E) close to Longyearbyen, the largest settlement in Svalbard
(population ∼2000), mean annual total precipitation and mean
annual temperature are 190 mm and −6.7 °C respectively (for
standard normal period 1961–1990). For winter (here deﬁned
as November–April), mean total precipitation and mean
temperature are 113 mm and −12.7 °C, but warm spells with
above-zero temperatures occur relatively frequently given the
high latitude (Benestad et al 2002). Due to the archipelago’s
location in the Arctic Ocean, temperatures and precipitation
patterns are sensitive to the coupled sea-ice-ocean atmosphere
system (Benestad et al 2002). For instance, Isaksen et al
(2007a) documented the signiﬁcance of likely episodic
warming as opposed to gradual change by describing the
observed response of permafrost temperatures to an extreme
temperature anomaly during winter-spring 2005–06. The
anomaly coincided with open water in most of the fjords and
in the surrounding waters through the whole winter and
highlighted the effects that atmosphere-ocean-sea ice cou-
pling has had in amplifying recent warming in this region.
Mid-winter 2011–12 was associated with a strong positive
temperature anomaly across most of the Barents Sea and sur-
rounding waters (ﬁgure 1(b)). In late January-early February, a
long-lasting high pressure over northern Scandinavia directed
low pressure systems with mild and humid air northward to
Svalbard. These lows, with their associated frontal passages,
had large-scale horizontal convergence, resulting in two weeks
(i.e. approximately 26 January–9 February) of extreme warm
periods with prolonged rainfall across most of the archipelago.
Above-zero temperatures were recorded at all weather stations
on the archipelago during this period (ﬁgure 1(a)), yet the
warm spell was most profound in western parts of Svalbard. At
Svalbard Airport, the average temperature on 30 January was
4.0 °C (ﬁgure 1(c); Norwegian Meteorological Institute, data
available at http://eklima.no), almost 20 °C higher than the
daily normal, and in fact, higher than at any weather station in
mainland Norway on that day. On 8 February, the maximum
temperature Tmax at Akseløya (ﬁgure 1(a)) reached 7.8 °C, i.e.
the highest temperature ever recorded in Svalbard in February.
Across Svalbard, the warm spell was immediately followed by
a cold period, with Tmax typically ∼−10 °C or lower.
Daily amount of precipitation (measured once or twice
daily (at 0600/1800 h) and covering the previous 12/24 h
period) has been recorded continuously for multiple decades
at three manned weather stations in Spitsbergen (the largest
island on Svalbard, Stations 1–3, ﬁgure 1(a)): the small
research settlement Ny-Ålesund (population ∼30 year-round;
Norwegian Meteorological Institute, data available at http://
eklima.no), the Russian settlement of Barentsburg (population
∼435; data available at www.tutiempo.net/en/Climate/
BARENCBURG/07-1973/201070.htm), and Svalbard Air-
port. At all three weather stations, several heavy rainfalls were
associated with the two-week warm spell (ﬁgure 1(c),
table 1). The most striking event was recorded in Ny-Ålesund
on January 30th when 98 mm rain fell (Tmax = 4.3 °C), which
had (prior to this event) a return period of >500 years fol-
lowing the Norwegian manual for calculation of probable
extreme daily precipitation values (Førland 1992), and which
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corresponds to 25% of the mean annual total precipitation
(table 1).
Winter (November–April) 2011–2012 was overall
extreme, with the highest average temperature ever (ﬁgure 2(a))
in the Svalbard Airport (Longyearbyen) composite series,
which starts in 1898 and represents one of very few long-term
(>100 yr) instrumental temperature series from the High Arctic
(Nordli et al 2014). Both in Longyearbyen and Ny-Ålesund,
average winter temperature has increased by ∼4–5 °C since the
mid 1990’s (ﬁgure 2(a)), with an associated increased prob-
ability for above-zero temperatures and winter precipitation
falling as rain. Winter rain is hereafter referred to as ROS, since
with very few exceptions (such as immediately after heavy
rainfalls), there is continuous snow cover during November–
Figure 1. (a) Map of the study area Svalbard, situated at 74–81°N and 10–35°E in the Arctic Ocean between northern Norway and Greenland
(insert). Bar plots show records of daily maximum temperatures (daily mean temperature for Station 13 Crozierpynten) in °C at available
weather stations between 20 January and 29 February 2012, i.e. before, during and after the extreme warm spell and ROS event. Red and blue
bars represent positive and negative temperatures, respectively. Most of the weather stations (1–7 and 13–14) are located at the largest island
Spitsbergen. All weather stations are close to the coast and at elevations <30 m a.s.l., except Station 2 Barentsburg, which is at 75 m asl. (b)
Average temperature anomalies across the Arctic during mid-winter (December–February) 2011–12 with respect to the 1981–2000 mean,
based on NCEP reanalysis data (Kalnay et al 1996) provided by the NOAA/ESRL Physical Sciences Division, Boulder Colorado (www.esrl.
noaa.gov/psd/). (c) Daily precipitation and temperature during winter 2011–12 in Longyearbyen (Svalbard Airport; light blue bars, yellow
line) and Ny-Ålesund (dark blue bars, red line), Svalbard. Stippled lines represent the daily average temperatures for the standard normal
period 1961–90.
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April. We calculated annual amounts of ROS (i.e. winter rain)
based on precipitation records from Ny-Ålesund (1969–2012)
and the Svalbard Airport composite series (1957–2012), which
is based on station measurements made in Longyearbyen
(1957–1975) and at Svalbard Airport (1975–2012). The com-
posite series is considered to be homogeneous. We calculated
ROS according to the World Meteorological Organisation
(WMO) protocol codes 4677 (WW) and 4561 (W1). Only
events with measured 12 h precipitation more than 0.0 mm,
visually classiﬁed as drizzle (WW=50–59) or rain
(WW=60–67) by the observers, were used. Annual ROS
amounts were positively correlated with winter temperatures,
both in Ny-Ålesund (r=0.37, P<0.05) and Longyearbyen
(r=0.32, P<0.05). Because of the extreme event in January-–
February 2012, the winter of 2011–2012 had the largest (Ny-
Ålesund) and third largest ROS amount (Longyearbyen) ever
recorded (ﬁgure 2(b)).
3. Impact on ground temperatures and permafrost
In 1998, two permafrost boreholes (15 and 102 m deep) were
drilled on Janssonhaugen (Sollid et al 2000), approximately
20 km from Longyearbyen. The boreholes were established
for long-term permafrost temperature monitoring and repre-
sent the northernmost stations of a latitudinal transect of deep
boreholes established by the PACE project (Harris
et al 2001b). The boreholes were drilled into sandstone
bedrock with low ice content overlain by a thin weathering
layer. The ground surface has no vegetation, and during
winter snow cover is thin or completely absent due to deﬂa-
tion. The site is representative for the mountains and moun-
tain slopes around Longyearbyen and central parts of
Spitsbergen. The near-surface thermal response on Jansson-
haugen to the anomalously warm winter and especially the
extreme weather event in January–February 2012 was clearly
evident from observed mean ground temperatures for the 30-
days period centred at the end of January (ﬁgure 3(a)). Mean
ground surface (0.2 m) and permafrost table (2.0 m) tem-
peratures were 7.0 °C and 3.6 °C above the 2000–2011
average and 1.3 °C and 1.9 °C higher than the previously
recorded maximum values.
The response of the near ground surface temperatures
(GST; see supplementary material 1, ﬁgure S1, available at
stacks.iop.org/ERL/9/114021/mmedia) to such extreme
weather events in permafrost areas is strongly modulated by
snow cover, vegetation, soil type (mainly water content and
porosity) and the amount of rain (see Westermann et al 2011).
Thus, the GST temperature response at the dry and strongly
wind-exposed Janssonhaugen site (ground surface dominated
by in situ weathered bedrock) was of shorter duration (sup-
plementary material 1, ﬁgure S1) and weaker (ﬁgure S2) than
in many other study sites with different soil types and more
developed vegetation cover, snow cover and ground-icing
(see below: 4. Ground-ice formation). At several of the study
sites GST stayed at or near 0 °C for two weeks or more after
the main event on 30 January, despite air temperatures below
−10 °C. This was caused by water from melting snow and
rain that percolated through the snow to the cold ground
surface and forming basal ice layers at the ground surface
(Woo and Heron 1981).
The permafrost on Janssonhaugen has warmed con-
siderably during the last decades (Isaksen et al 2000, 2007b).
Signiﬁcant warming of the permafrost is detectable down to at
least 60 m depth, and the present decadal warming rate at the
permafrost surface (ca. 2 m depth) is in the order of 0.07 °C
a−1, with indications of accelerated warming during the last
decade (Isaksen et al 2007b). Thus the 2012 extreme event
presented here was superimposed on a signiﬁcant warming
trend. Isaksen et al (2007a) suggested that the process of near-
surface permafrost warming on Svalbard in the future may be
irregular rather than gradual and punctuated by a higher fre-
quency of warm spells, such as the one described here. In
addition, multi-annual simulations by Westermann et al
(2011) indicated that ROS events can signiﬁcantly accelerate
the warming of soil temperatures in permafrost areas, and that
initially stable permafrost system may in certain areas start to
thaw if environmental conditions such as those observed in
January–February 2012 return for several consecutive win-
ters. Increases in active-layer thickness (cf. Etzelmüller et al
2011) may be associated with unprecedented thaw settlement
as ice-rich soils near the permafrost table melt (Nelson
et al 2001), leading to a marked increase in slope instability
(Harris et al 2001a).
Table 1. Weather characteristics during the extreme warm spell (26 January–9 February 2012) at the three manned weather stations in
Spitsbergen, Svalbard, where precipitation data have been collected continuously for multiple decades (see ﬁgure 1(c) for locations). At
Svalbard Airport (Longyearbyen) and Ny-Ålesund, comparison to annual amount of precipitation is based on the standard normal period
1961–1990, while for Barentsburg the comparison is to the period 1973–1987 (data not available for the whole standard normal period).
Tmax = daily maximum temperature.
Weather
station
Mean
Tmax °C
Max.
Tmax °C
No. days
Tmax > 3 °C Precipitation
Max. daily
precipitation
Svalbard
Airport
3.9 7.0 11 70.3 mm (37% of 190 mm annual
normal)
25.9 mm (14%)
Ny-Ålesund 3.0 4.8 10 272.0 mm (71% of 385 mm annual
normal)
98.0 mm (25%)
Barentsburg 2.3 3.9 6 136.0 mm (22% of 606 mm annual
normal)
27.2 mm (4%)
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4. Ground-ice formation
Ice can form in the snow-pack or on the ground following thaw-
freezing, rain on frozen ground (i.e. ‘black icing’) or ROS
(Putkonen and Roe 2003, Grenfell and Putkonen 2008, Putko-
nen et al 2009). In particular, ROS can strongly inﬂuence the
heat budget of the snow-pack as well as the soil by percolating
through the snow (Putkonen and Roe 2003). The water freezes
and releases latent heat to the snow and the frozen soil, and a
coat of solid ground-ice can build up and cover the underlying
vegetation (Woo and Heron 1981, Hansen et al 2010), which in
Svalbard consists mainly of mosses, lichens, dwarf shrubs, forbs
and graminoids (Jónsdottir 2005) and rarely exceeds ∼10 cm
height. We measured thickness of the ground-ice resulting from
the warm spell and heavy ROS event(s) in late January-early
February 2012. Data were collected across a range of environ-
mental gradients (supplementary material 1) as soon as the
conditions had stabilized with air temperatures well below zero.
In Ny-Ålesund, where the heaviest rainfall was recorded, a thick
ice-coat more or less completely covered the tundra from sea
level up to elevations of 3–400m a.s.l. (ﬁgure 3(b); supple-
mentary material 2 (video)) (see also Maturilli et al 2014:
changes in surface albedo). Solid ground-ice ∼10–20 cm thick
(minimum thickness= 6 cm) was found at virtually all sampling
sites (n=195 out of 200 sites distributed in varied topography
and vegetation types) and was still covering approximately 50%
of the ground as late as in mid-June. Although generally less
thick, a ground-ice layer (⩾1 cm thick) was also present in the
majority of the sampling sites (i.e. n=114 out of 128) located in
ridge and sub-ridge vegetation communities in the Reindalen–
Semmeldalen–Colesdalen valley system. Likewise, ground-ice
(⩾1 cm thick) was present in most sampling sites (n=19 out of
31) in ridge and sub-ridge vegetation in the neighbouring valley
Adventdalen, close to Longyearbyen.
Ground-icing appears to be relatively common in western
Svalbard with its coastal climate. Heavy icing has been
documented (or anecdotally reported) in and around Ny-Åle-
sund in the winters 1993–94, 1995–96, 2005–06, and 2009–10
(Putkonen and Roe 2003, Kohler and Aanes 2004, Hansen
et al 2010, 2011, Hansen and Aanes 2012). These observations
corroborate this study’s estimates of annual ROS amounts
(ﬁgure 2(b)), which are record-high or close to record-high
during the extremely icy winter of 2011–2012. This study thus
adds strong empirical support to the overall consensus that on
the High Arctic tundra with its deeply frozen ground, melting
of the snow-pack due to warm spells and associated heavy
ROS events is likely to cause extensive ground-icing (Putko-
nen and Roe 2003, Kohler and Aanes 2004, Grenfell and
Putkonen 2008, Rennert et al 2009, Hansen et al 2011).
5. Effects on infrastructure, society and wildlife
5.1. Infrastructure and society
The heavy rainfall during the early phase of the warm spell
triggered several slush avalanches in and close to the major
settlement, Longyearbyen, which is located in a U-shaped
valley with steep mountain sides. In the city centre, a major
avalanche hit and destroyed a pedestrian bridge (ﬁgure 4(a))
following ∼20 mm of rain during a 12 h period on 30 January,
and all roads in and around Longyearbyen were closed for up
to several days due to other avalanches (Fjellestad 2012b).
Historically, slush avalanches of similar dimensions in
Longyearbyen have mainly occurred during the spring melt-
ing period rather than mid-winter (but see Eckerstorfer 2013),
such as in June 1953 when a major avalanche destroyed the
hospital and other buildings, causing three fatalities and 30
Figure 2. (a) Long-term homogenized mid-winter (December–
February) mean air temperature series from Longyearbyen (Svalbard
Airport composite series, 1898–2012 light blue) and Ny-Ålesund
(1934–2012, dark blue). 2011–12 is highlighted in red. To identify
variations on decadal timescales, a low-pass Gaussian ﬁlter (light
grey and dark grey curves) with a standard deviation of 3 years in the
Gaussian distribution was applied. (b) Total amount of rain for
winters (November–April) 1957–2012 in Longyearbyen (light blue)
and 1969–2012 in Ny-Ålesund (dark blue; dotted line indicates the
ﬁrst year of measurements). Rain amount was calculated based on
both present and past weather according to the World Meteorolo-
gical Organisation (WMO) protocol codes 4677 (WW) and 4561
(W1), respectively. Only events with measured 12 h precipitation
amounts more than 0.0 mm, visually classiﬁed as drizzle
(WW=50–59) or rain (WW=60–67) by the observers, were used.
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injured (Per Ruud, pers.comm.). As many buildings and other
installations in Svalbard were built without evaluation of
natural disaster potentials, much infrastructure is located in
areas exposed to slush or debris ﬂows. Thus, with a warming
winter climate including more frequent and longer episodes of
above-zero temperatures and ROS (see below; 6. Future
prospects), we can expect an increasing risk for natural dis-
asters with damage to infrastructure.
The heavy rain in January–February 2012 caused
severe icing on the town’s central radio-antenna and
impeded radio broadcasting (Fjellestad 2012b), and ground-
ice built up around the settlements and on the tundra
(ﬁgures 3(b) and 4(b), (c)), with wide societal implications.
Because of a slippery runway there were no ﬂights to or
from Svalbard Airport on 29 and 31 January, and several
other ﬂights were delayed for up to two days (Morten
Ulsnes, pers.comm.). Flights were also cancelled on 27
January and 6 February owing to icing on the airport
runway in Ny-Ålesund (Elisabeth Melø, pers.comm.).
Because there are so few ﬂights to and from these airports
(only twice a week in Ny-Ålesund), these cancellations and
delays caused travel disruptions extending far beyond the
actual closing days.
Furthermore, snow-mobile driving, dog-sledding and
hiking were nearly impossible during the weather event, and
the resultant ground-ice strongly restricted travel in the ter-
rain for the remaining winter season. This reduced mobility
led to trip cancellations and changes in the activities of the
local tourism industry (Fjellestad 2012a), for which guided
snow-mobile tours are one of the main sources of income.
The annual number of snow-mobile days on guided tours
operated through the tourist companies was reduced by 28%
(n= 2659 ﬁeld days) compared with the previous winter, i.e.
the lowest ever since continuous annual statistics started in
2001 (Ronny Brunvoll, Visit Svalbard AS, pers.comm.). Ice-
caving activities were reduced by 62% (n= 300 ﬁeld days),
and glacier hiking was reduced by 57% (n= 19) from the
previous winter. Total monthly hotel overnight stays in
Longyearbyen were consistently reduced the remainder of
the winter season, when compared with the same calendar
month the previous year, by 2% (n= 4800 overnight stays),
12% (n= 8300), 5% (n= 11 300), and 13% (n= 7600) for the
months February–May (Statistics Norway: www.ssb.no).
This was in sharp contrast to the preceding winter months;
monthly number of overnights prior to the extreme event
(November–January) had increased by 8% (n= 1900
accommodations), 2% (n= 2100), and 76% (n= 2100)
compared with the previous year, strongly indicating that the
extreme weather event was responsible for the subsequent
decline.
5.2. Wildlife
Several studies have suggested that icing following warm
spells and heavy ROS events can seriously reduce the avail-
ability of food for herbivores (Ims et al 2008, Kausrud
Figure 3. The extreme warm spell and ROS events in January–
February 2012 caused dramatic changes in the properties of the
permafrost and the snow-pack. (a) 30-Day mean ground temperature
centred at 30 January down to 5 m depth at Janssonhaugen (in
Adventdalen, close to Longeyarbyen) for 2011–12 (red line)
compared to the mean for 2000–11 (black line). Horizontal bars
show the absolute variations of the previous years, grey dotted line
indicates the top of permafrost. To be representative and detect the
full effect of the extreme warm spell that penetrated into the
permafrost, the period for the 30-day mean ground temperature
values in the series is adjusted successively with depth for the phase
lag following calculations made for the study site by Isaksen et al
(2000). (b) Ground-ice thickness measured across a range of
topography and climatic zones in Spitsbergen following the extreme
ROS events and subsequent freeze-up (see supplementary material 1
for detailed description of sampling regime). Boxes enclosing the
median represent the ﬁrst and third quartiles, while whiskers extend
to the smallest or largest values or (when there are outliers) to the
smallest (or largest) value within 1.5 times the interquartile range
from the ﬁrst (or third) quartile. Open circles are outliers. The
sampling sites were located in varied topography in areas close to
Ny-Ålesund (B1-B2/SA/K; see inserted map for sampling locations),
and in ridge/sub-ridge vegetation in areas close to Longyearbyen
(A1-A3/C1-C3/S1-S3/R1-R2). Note that ice thickness was not
measured deeper than 20 cm in B1, SA, and K because the drill was
too short.
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et al 2008, Gilg et al 2009, Hansen et al 2011, 2013, Stien
et al 2012). In the High Arctic, vegetation is low-growing,
and thus may be completely covered by ground-ice resulting
from ROS. High-latitude island populations of reindeer and
caribou are especially vulnerable to heavy ROS events
because natural barriers restricts migration to ice-free ranges,
potentially resulting in mass starvation in late winter (Parker
et al 1975, Forchhammer and Boertmann 1993, Kohler and
Aanes 2004). For instance, a population of wild Svalbard
reindeer (Rangifer tarandus platyrhynchus) in Ny-Ålesund
crashed from 360 to ∼80 individuals during the winter of
1993–94 (Kohler and Aanes 2004), when the amount of ROS
and the ground-icing almost reached the extreme levels
observed in 2011–12 (ﬁgure 2(b)).
We calculated an annual mortality index for all mon-
itored populations of Svalbard reindeer based on the number
of carcasses recorded during population counts in summer
(Hansen et al 2013), divided by the number of live reindeer
the previous summer. It is assumed that the number of car-
casses found on the tundra in summer reﬂects the starvation
rates the preceding winter (Tyler and Øritsland 1998). In spite
of very favourable winter feeding conditions until the extreme
warm spell and ROS events, the number of carcasses found
during the summer 2012 censuses was among the highest ever
recorded, and the estimated mortality indices for winter 2012
were hence generally very high (ﬁgure 5). Thus, even though
the 2012 extreme ROS events occurred relatively late in the
winter, the resulting ice layer and ‘locked pastures’
(ﬁgures 3(b) and 4(c)) caused extensive starvation among the
reindeer.
Besides its direct effects on herbivores through locked
pastures, ground-ice may negatively affect soil arthropods
(reduced survival; Coulson et al 2000) and vegetation
(damaging vascular plants and lichens; Robinson et al 1998,
Bjerke 2011). Furthermore, because top predators such as the
Arctic fox (Vulpes lagopus) are inﬂuenced through changes in
prey or reindeer carcass availability (Eide et al 2012, Hansen
et al 2013), it is likely that the effects of such rare weather
events indirectly impact migratory prey (i.e. ground-breeding
birds) in summer (Fuglei et al 2003) and thereby cause
trophic cascades through the entire tundra food-web. Conse-
quently, changes in the frequency of warm spells, extreme
ROS, and icing events, as reported here, may have severe
socioeconomic implications for indigenous Arctic people,
which partly depend on tundra ecosystems and their wildlife
species (AMAP 2011, CAFF 2013).
6. Future prospects
The Arctic climate is likely to warm at a faster rate than the
global mean (Stocker et al 2013). The effect of greenhouse
gases on global climate is estimated through Global Climate
Models (GCMs), but the expected response to a doubling in
the CO2 levels varies across the different models. GCMs are
poorly resolved models. Therefore, in order to obtain details
on the local climate downscaling is required (Benestad
et al 2008). To account for the differences between the output
of different GCMs and the range of natural variations,
empirical-statistical downscaling (ESD) can be applied to
multi-model ensembles (Benestad 2011). Here we estimated
mid-winter (December–February) mean temperature for
Svalbard Airport (ﬁgure 6) using state-of-the-art GCMs from
the CMIP5 experiment (Flato et al 2013), the RCP4.5 sce-
nario for prescribing future levels of greenhouse gases and
Figure 4. The extreme warm spell and ROS events in January–
February 2012 had major implications for the society and wildlife in
Svalbard. (a) Slush avalanches caused closed roads and schools and
destroyed a bridge in the major settlement Longyearbyen (photo:
Kjersti Strømmen). (b) A thick layer of ground-ice built up on roads
and airport runways in Longyearbyen (photo: Øystein Varpe) and
Ny-Ålesund. (c) A wild female reindeer struggles to ﬁnd food on the
ice-encapsulated tundra in Reindalen (R1 in ﬁgure 3(b)) one week
subsequent to the warm spell and ROS (photo: Brage B Hansen).
7
Environ. Res. Lett. 9 (2014) 114021 B B Hansen et al
forcings, and ESD based on regression and common
empirical orthogonal functions (Benestad 2001). The pre-
dicted warming implies more frequent episodes with above-
zero winter temperatures, and if the projections hold, we can
even expect to see some winters with mid-winter mean tem-
peratures above 0 °C after about 2050 (ﬁgure 6). Accordingly,
the frequency of ROS events and annual ROS amount will
likely increase dramatically as the probability of crossing the
near-zero °C threshold for precipitation falling as rain rather
than snow increases (see ﬁgures S3 and S4 for relationship
between annual ROS and temperature; Rennert et al 2009,
Hansen et al 2011). Clearly, this may have far-reaching
implications for Arctic societies (ﬁgure 4) and ecosystems
(ﬁgure 5) through changes in snow-pack and permafrost
properties (ﬁgure 3).
Note that, besides effects of overall warming, the con-
ditions favourable for ROS events are also strongly dependent
on atmospheric circulation patterns, including variation in the
barometric pressure, frontal systems, location of the atmo-
spheric jet, and wind direction (e.g. Cohen et al 2014).
Indeed, the low-pressure system at lower latitudes in January–
February 2012 brought mild and moist air to Svalbard.
However, we are not addressing the question regarding high-
pressure blocking patterns and storm tracks here, since there
are still unknown aspects as to which degree a GCM is able to
reproduce the observed phenomena.
7. Conclusions
In this case study from High Arctic Svalbard we have
demonstrated that a long-lasting extreme warm spell with
several heavy rainfalls during the polar night (ﬁgure 1) caused
a substantial rise in permafrost temperatures and changes in
snow-pack properties (ﬁgure 3) that had strong negative
effects on both wild herbivore performance, human infra-
structure and tourism activity (ﬁgures 4, 5). Because the rapid
winter warming observed in Svalbard and many other Arctic
areas can be projected to accelerate throughout the century
(ﬁgure 6), the frequency of extreme warm spells and ROS
events will likely increase as well. Due to the currently low
frequency of such weather events, the sparse spatial dis-
tribution of weather stations, and the overall low human
presence at high latitudes, empirical documentation of the
characteristics and implications of such events associated with
climate change is very rare and generally anecdotal (Rennert
et al 2009). Thus, while a common assumption is that changes
in the environment will be gradual, and modelling outputs
tend to reinforce this perception, our results highlight that
warming is likely to be punctuated by a shift in winter climate
associated with the near-zero °C tipping point between snow
and rain, and that Arctic permafrost, wildlife and society are
particularly sensitive to these regime shifts in climate.
Accordingly, this study from an Arctic ‘hotspot’ of climate
change represents a bellwether of how winter climate change,
and extreme events in particular, may cause radical changes in
Figure 5. Ground-icing following the extreme warm spell and ROS
events in January–February 2012 caused locked pastures and
extensive starvation in wild Svalbard reindeer. Reindeer mortality
indices for winter 2012 (red circles) were far higher than the average
year in all monitored populations. Boxes, whiskers and open circles
show same statistics as in ﬁgure 3(b). The mortality index was
calculated as the number of carcasses found in summer divided by
the number of live animals in the previous summer during
population monitoring in 1979–2012 (Adventdalen; see Hansen
et al 2013) and 1997–2005, 2007, and 2009–2012 (Colesdalen,
Diabas, Grøndalen, Hollenderdalen, Reindalen, Sassendalen; data
from the Governor of Svalbard). Populations are named by their ﬁrst
letter. The inserted map shows locations of the study populations
(N = the Ny-Ålesund population, which also was subject to higher-
than average mortality; R Aanes and Å Ø Pedersen, unpubl. data).
Photo: Eva Fuglei.
Figure 6. Downscaled (red shading) and observed (black symbols;
Nordli et al 2014) mid-winter (December–February) mean tem-
perature at Svalbard Airport (Longyearbyen). Red shaded area
shows the spread between the 108 GCM simulations, and grey
dashed lines indicate 90% conﬁdence interval based on this spread.
The simulated past trend is consistent with the observed trend for the
period 1900–2013.
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the geophysical environment, with a multitude of severe
effects on society and wildlife.
Acknowledgments
The study was funded by the Norwegian Research Council
(POLARPROG project grant no. 216051) and the Svalbard
Environmental Fund (Governor of Svalbard, project grant no.
13/74). Author contributions: B B H and Ø V designed the
study; L E L, S J C, Å Ø P, B B H and J K collected ground-
ice data; K I and L E L collected ground surface temperature
data; Å Ø P collected the 2012 reindeer data in Adventdalen;
K I collected and analyzed permafrost and weather data; R E
B processed climate projections; B B H analyzed data, and
wrote the paper with main contributions from Ø V and K I.
All authors discussed the results and commented on the paper.
We thank the Governor of Svalbard for access to reindeer
monitoring data, Eva Fuglei and Kjersti Strømmen for
allowing us to use their photos, Ronny Brunvoll (Visit
Svalbard AS) for providing travel statistics, Per Ruud (Store
Norske Spitsbergen Kullkompani) for information on histor-
ical slush avalanches, and Morten Ulsnes (AVINOR) and
Elisabeth Melø (Kings Bay AS) for data on ﬂight cancella-
tions at Svalbard Airport and in Ny-Ålesund respectively.
References
AMAP 2011 Snow, Water, Ice and Permafrost in the Arctic
(SWIPA): Climate Change and the Cryosphere (Oslo: Arctic
Monitoring and Assessment Programme)
Benestad R E 2001 A comparison between two empirical
downscaling strategies Int. J. Climatol. 21 1645–68
Benestad R E 2011 A new global set of downscaled temperature
scenarios J. Clim. 24 2080–98
Benestad R E, Chen D and Hanssen-Bauer I 2008 Empirical-
Statistical Downscaling (Singapore: World Scientiﬁc)
Benestad R E, Førland E J and Hanssen-Bauer I 2002 Empirically
downscaled temperature scenarios for Svalbard Atmos. Sci.
Lett. 3 71–93
Bjerke J W 2011 Winter climate change: ice encapsulation at mild
subfreezing temperatures kills freeze-tolerant lichens Environ.
Exp. Bot. 72 404–8
CAFF 2013 Arctic Biodiversity Assessment. Status and Trends in
Arctic Biodiversity (Akureyri: Conservation of Arctic Flora
and Fauna)
Cohen J et al 2014 Recent Arctic ampliﬁcation and extreme mid-
latitude weather Nat. Geosci. 7 627–37
Conway H and Raymond C F 1993 Snow stability during rain
J. Glaciol. 39 635–42
Coulson S J, Leinaas H P, Ims R A and Sovik G 2000 Experimental
manipulation of the winter surface ice layer: the effects on a
High Arctic soil microarthropod community Ecography 23
299–306
Eckerstorfer M 2013 Snow avalanches in central Svalbard: a ﬁeld
study of meteorological and topographical triggering factors
and geomorphological signiﬁcance PhD Thesis Oslo:
University of Oslo
Eide N E, Stien A, Prestrud P, Yoccoz N and Fuglei E 2012
Reproductive responses to spatial and temporal prey
availability in a coastal Arctic fox population J. Anim. Ecol. 81
640–8
Etzelmüller B, Schuler T V, lsaksen K, Christiansen H H,
Farbrot H and Benestad R 2011 Modeling the temperature
evolution of Svalbard permafrost during the 20th and 21st
century Cryosphere 5 67–79
Field C B et al 2014 Global and Sectoral Aspects. Climate Change
2014: Impacts, Adaptation, and Vulnerability. Contribution of
Working Group II to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change (Cambridge:
Cambridge University Press)
Fjellestad A 2012a Lengter Mot Fjorden (Longyearbyen:
Svalbardposten)
Fjellestad A 2012b Uka Som Var Så Skrekkelig Våt (Longyearbyen:
Svalbardposten)
Flato G et al 2013 Evaluation of Climate Models. Climate Change
2013: The Physical Science Basis. Contribution of Working
Group I to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change (Cambridge:
Cambridge University Press)
Forchhammer M and Boertmann D 1993 The muskoxen Ovibos
moschatus in north and northeast Greenland—population
trends and the inﬂuence of abiotic parameters on population-
dynamics Ecography 16 299–308
Fuglei E, Øritsland N A and Prestrud P 2003 Local variation
in arctic fox abundance on Svalbard, Norway Polar Biol. 26
93–8
Førland E J 1992 Manual for beregning av påregnelige ekstreme
nedbørverdier Oslo: Norwegian Meteorological Institute
Report No. 21/92
Gilg O, Sittler B and Hanski I 2009 Climate change and cyclic
Predator–prey population dynamics in the High Arctic Glob.
Change Biol. 15 2634–52
Grenfell T C and Putkonen J 2008 A method for the detection of the
severe rain-on-snow event on Banks Island, October 2003,
using passive microwave remote sensing Water Resour. Res.
44 1–9
Hansen B B and Aanes R 2012 Kelp and seaweed feeding by High-
Arctic wild reindeer under extreme winter conditions Polar
Res. 31 17258
Hansen B B, Aanes R, Herﬁndal I, Kohler J and Sæther B-E 2011
Climate, icing, and wild arctic reindeer: past relationships and
future prospects Ecology 92 1917–23
Hansen B B, Aanes R and Sæther B-E 2010 Feeding-crater selection
by High-arctic reindeer facing ice-blocked pastures Can. J.
Zool. 88 170–7
Hansen B B, Grøtan V, Aanes R, Sæther B-E, Stien A, Fuglei E,
Ims R A, Yoccoz N G and Pedersen Å Ø 2013 Climate events
synchronize the dynamics of a resident vertebrate community
in the High Arctic Science 339 313–5
Harris C, Davies M C R and Etzelmüller B 2001a The assessment of
potential geotechnical hazards associated with mountain
permafrost in a warming global climate Permafrost Periglac.
12 145–56
Harris C, Haeberli W, Vonder Mühll D and King L 2001b
Permafrost monitoring in the high mountains of Europe: the
PACE project in its global context Permafrost Periglac. 12
3–11
Ims R A, Henden J-A and Killengreen S T 2008 Collapsing
population cycles Trends Ecol. Evol. 23 79–86
Isaksen K, Benestad R E, Harris C and Sollid J L 2007a Recent
extreme near-surface permafrost temperatures on Svalbard in
relation to future climate scenarios Geophys. Res. Lett. 34
L17502
Isaksen K, Sollid J L, Holmlund P and Harris C 2007b Recent
warming of mountain permafrost in Svalbard and Scandinavia
J. Geophys. Res. 112 F02S04
Isaksen K, Vonder Mühll D, Gubler H, Kohl T and Sollid J L 2000
Ground surface temperature reconstruction based on data from
a deep borehole in permafrost at Janssonhaugen, Svalbard Ann.
Glaciol. 31 287–94
9
Environ. Res. Lett. 9 (2014) 114021 B B Hansen et al
Jónsdottir I S 2005 Terrestrial ecosystems on Svalbard:
heterogeneity, complexity and fragility from an Arctic island
perspective Proc. R. Irish Acad. B 105 155–65
Kalnay E et al 1996 The NCEP/NCAR reanalysis 40-year project
Bull. Am. Meteorol. Soc. 77 437–71
Kausrud K L et al 2008 Linking climate change to lemming cycles
Nature 456 93-U3
Kohler J and Aanes R 2004 Effect of winter snow and ground-icing
on a Svalbard reindeer population: results of a simple
snowpack model Arct. Antarct. Alp. Res. 36 333–41
Liestøl O 1976 Pingos, Springs and Permafrost in Spitsbergen
(Oslo: Norwegian Polar Institute)
Maturilli M, Herber A and König-Langlo G 2014 Surface radiation
climatology for Ny-Ålesund, Svalbard (78.9°N), basic
observations for trend detection Theor. Appl. Climatol.
doi:10.1007/s00704-014-1173-4
Nelson F E, Anisimov O E and Shiklomonov O I 2001 Subsidence
risk from thawing permafrost Nature 410 889–90
Nordli Ø, Przybylak R, Ogilvie A E J and Isaksen K 2014 Long-term
temperature trends and variability on Spitsbergen: the extended
Svalbard Airport temperature series, 1898–2012 Polar Res. 33
21349
Parker G A, Thomas D C, Madore P L and Gray D R 1975 Crashes
of muskox and Peary caribou populations in 1973-74 in the
Parry islands, Arctic Canada Can. Wildlife Ser. Prog. Notes 56
1–10
Putkonen J, Grenfell T C, Rennert K, Bitz C, Jacobson P and
Russell D 2009 Rain on snow: little understood killer in the
north EOS T. Am. Geophys. Union 90 221–3
Putkonen J and Roe G 2003 Rain-on-snow events impact soil
temperatures and affect ungulate survival Geophys. Res. Lett.
30 4
Rennert K J, Roe G, Putkonen J and Bitz C M 2009 Soil thermal and
ecological impacts of rain on snow events in the circumpolar
Arctic J. Clim. 22 2302–15
Robinson C H, Wookey P A, Lee J A, Callaghan T V and Press M C
1998 Plant community responses to simulated environmental
change at a High Arctic polar semi-desert Ecology 79
856–66
Sollid J L, Holmlund P, Isaksen K and Harris C 2000 Deep
permafrost boreholes in western Svalbard, northern Sweden
and southern Norway Norw. J. Geogr. 54 186–91
Stien A et al 2012 Congruent responses to weather variability in
High Arctic herbivores Biol. Lett. 8 1002–5
Stimberis J and Rubin C M 2011 Glide avalanche response to an
extreme rain-on-snow event, Snoqualmie Pass, Washington,
USA J. Glaciol. 57 468–74
Stocker T F, Qin D, Plattner G-K, Tignor M, Allen S K, Boschung J,
Nauels A, Xia Y, Bex V and Midgley P M 2013 Summary for
Policymakers. Climate Change 2013: The Physical Science
Basis. Contribution of Working Group I to the Fifth
Assessment Report of the Intergovernmental Panel on Climate
Change (Cambridge: Cambridge University Press)
Westermann S, Boike J, Langer M, Schuler T V and Etzelmüller B
2011 Modelling the impact of wintertime rain events on the
thermal regime of permafrost The Cryosphere 5 945–59
Woo M and Heron R 1981 Occurrence of ice layers at the base of
High Arctic snowpacks Arctiv Alpine Res. 13 225–30
10
Environ. Res. Lett. 9 (2014) 114021 B B Hansen et al
